We have investigated the negative-parity states and electromagnetic transitions in 151,153 Ho and 151,153 Dy within the framework of the interacting boson fermion model 2 (IBFM-2). Spin assignments for some states with uncertain spin are made based on this calculation. Calculated excitation energies, electromagnetic transitions and branching ratios are compared with available experimental data and a good agreement is obtained. The model wave functions have been used to study β-decays from Ho to Dy isotones, and the calculated log f t values are close to the experimental data.
I. INTRODUCTION
The interacting boson model(IBM) has been remarkably successful in describing the collective phenomena observed in even -even medium to heavy mass nuclei [1, 2, 3] . In the simplest version of this model, the IBM-1, the nuclear properties are described by a system of a fixed number of boson. In this version no distinction is made between proton boson and neutron boson, therefore all states in IBM-1 are F -spin symmetric [4, 5, 6] . An important property of this new version is that the proton -neutron symmetry character of each states is specified in terms of a new quantum number called F -spin [7, 8, 9, 10, 11] . For lighter nuclei, the IBM has been extended to the interacting boson model with isospin (IBM-3) [12] . Within the IBM-3, the neutron-proton pair must be included in addition to the two other types of bosons in the IBM-2, and they form an isospin triplet [13, 14, 15, 16, 17] . In the interacting boson fermion model (IBFM) [18] , odd-A nuclei are described by coupling the degrees of freedom of odd particle to a core which is described in the IBM. Calculations of positive and negative-parity states and the electromagnetic transitions of odd mass nuclei have performed within the framework of IBFM, for instance in Refs. [19, 20, 21, 22, 23, 24] . One of most important property in nuclear structure study is the β decay rates. The β transition for odd-nuclei has received intensive interests in the last few years [25, 26, 27, 28, 29, 30, 31, 32] . Theoretical contribution to the study of nuclear beta decay have been made over the years using the IBFM [33, 34, 35] , and good agreement has been found with available experimental data.
The purpose of the present work is to investigate the negative-parity states and electromagnetic transitions in the 151,153 Ho and 151,153 Dy isotopes by using the IBFM-2 model. More importantly, β decay between the levels are studied by using the wave functions obtained from the structure calculation of this model. In particular, the influence of different values of hamiltonian parameters on the energies and decay probabilities is investigated.
In order to calculate an odd-nucleus in the IBFM-2 model, we need to choose an even-even core. Here, the even-even 150,152 Dy nuclei have been chosen as the respective core for 151,153 Dy isotopes. They have 66 protons in the 50 − 82 shell and 84 and 86 neutrons in shell 82 − 126, respectively. Both nucleons lie in the first half shell, therefore they should be considered as particle bosons. For 151,153 Ho isotopes, we considered them as resulting from coupling a proton hole to the even-even Er nuclei.
In section II, we briefly review the interacting boson fermion model. In section III, we present our calculation results for the energy levels of the core nuclei and compared with available data. The negative-parity states of 151,153 Ho and 151,153 Dy nuclei are presented in sections IV and V, respectively. A discussion of electromagnetic transitions follows in section VI. In section VII the β decay from levels of odd-proton Ho-isotopes to levels in odd-neutron Dy-isotopes levels are studied. Finally, in section VIII we summarize our results.
II. THE IBFM-2 MODEL
The low lying levels in odd nuclei are described as combined system of a group of bosons with one fermion. In general, the Hamiltonian for this coupled system can be written as [34] ,
Here H B is the usual IBM-2 Hamiltonian which describes the system of (s ν , s π ) and
where ε d is the d-boson excitation energy, and n dπ and n dν are the neutron and proton d-boson number operator respectively. κ πνQπ ·Q ν is the quadruple interaction between proton and neutron boson, andQ ρ , the quadruple operator, is given byQ
The Majorana interaction iŝ
and it only affects the positions of the mixed symmetry states. The V ρρ term represents the interaction between like bosons,V
where ρ = π, ν.
The term H F is the Hamiltonian of odd fermion,
where ǫ i is the quasi-particle energy of the ith orbital, and n i is fermion number operator. The quasi-particle energies and occupation probabilities are usually calculated using the BCS [36] approximation in terms of the Fermi energy λ, the paring gap ∆ and the single-particle energies E i ,
The occupation probabilities are then given by
The bosons-fermion interaction V BF is, in general, rather complicated but it has been shown [34] to be dominated by three terms,
ρ is the boson quadrupole operator which is defined in eq. (3). The symbols ρ andρ denote π(ν) and ν(π) if the odd fermion is a proton (neutron). The first term in Eq. (9) is a monopole-monopole interaction, which is proportional to the number of d-bosons. Therefore it only gives rise to a renormalization of the boson energy ε = ε d − ε s and it does not affect the main structure of energy spectrum. The second term is a quadrupole-quadrupole interaction, and the last term is the exchange interaction. The origin of the exchange force is closely related to the presence of the Pauli principle. Both terms are dominant terms and appear to arise from the strong neutron-proton quadrupole force. The orbital dependence of the coupling coefficients has been microscopically estimated [37] 
III.
EVEN-EVEN NUCLEI STRUCTURE
In the calculation the proton and neutron shells are assumed to closed at Z=50 and N=82 magic shells. For 150,152 Dy nuclei, there are eight proton-bosons and one and two neutron-bosons, respectively. On the other hand, there are seven hole-like proton bosons and one and two particle-like neutron bosons for 152,154 Er nuclei, respectively. The calculated excitation energies are obtained by diagonalizing the Hamiltonian in Eq. (2), usually using the NPBOS code [38] . The parameters ε d and κ πν have been determined so as to reproduce as closely as possible the energy of the low lying positive parity states. The energy of the ground state band levels were optimized by varying the proton anharmonicity parameters C L π (L = 0, 2, 4). The parameters χ π and χ ν have been kept constant in the two isotopes, and are taken as the same as those for the SU(3) limit: χ π = χ ν = − √ 7/2. In order to identify mixed symmetry states, we fitted the energy of all the J = 2 + states below 3 MeV by smoothly changing ξ 2 . The best fit values for the Hamiltonian parameters are given in Table I and the calculated energy levels are compared with available experimental data as shown in Figs. 1-4 . Good agreement between the calculated and observed spectrum is obtained for the ground state band. From Fig. 1 one can see that the sequence of levels is well reproduced, though the calculated excitation energies of 6 
IV. ODD-PROTON 151,153 HO STRUCTURE
In order to study especially the influence of fermion degrees of freedom, we have investigated odd-neutron Dy nuclei and odd-proton Ho nuclei with the same boson parameters for each odd-A number. Thus, the differences in the nuclear structures of these two nuclei can arise only from the boson-fermion interaction and the odd-particle Hamiltonian. The quasi-particle energies ǫ i and occupation probabilities υ 2 are determined from a simple BCS calculation using Reeehal and Sorensen [39] single-particle energies. The single-particle energies taken are given in Table II . The BCS equations are resolved with the single-particle orbitals g 9/2 , g 7/2 , d 5/2 , h 11/2 , d 3/2 and s 1/2 , and with ∆= 12/ √ A. In the description of negative-parity states in Ho-isotopes, the odd proton is taken to be in the h 11/2 orbital. We searched the optimal values of the interaction parameters that describe well the experimental levels and electromagnetic transitions. The found values of the parameters are shown in Table II . In Ho-isotopes which have 67 protons, the occupation probabilities of πh 11/2 is υ 2 ≃ 0.32. As a result, the parameter of exchange force in V BF plays a crucial role in fitting the experimental data. The strength of the exchange force in the V BF has to be increased in order to lower the energy of the first 9 2 − state in 153 Ho. The Γ was kept constant for both isotopes. The calculated and observed [40] energy spectra of 151, 153 Ho are shown in Figs. 5 and 6 respectively. The calculation gives a number of predictions, and they are presented in the figures which are helpful to future experiments. From the figures, we see that the calculated energy levels agree with the experimental data quite well in general. Reproduction of the trend in the experimental data is clear, especially those of the first and second appearance of negative-parity states.
Experimentally, the first and second negative parity excited states have possible J = ( For Dy-isotopes, the BCS equations are solved with the single-particle orbitals f 7/2 , h 9/2 , p 3/2 , f 5/2 , i 13/2 , h 11/2 and p 1/2 with ∆= 12/ √ A. The values of single-particle energies are extracted from Ref. [41] , and they are very similar to the ones used in Ref. [42] , except for the i 13/2 orbital. In our calculations the i 13/2 is still present between the h 9/2 and p 3/2 orbitals but close to p 3/2 orbital in both isotopes. The adopted single-particle energies are listed in Table III In Fig. 8 we present a more detailed comparison between experimental and calculated energy states in 153 Dy. Because many states have no clear assignment, so special attention is given to these levels with the hope to give assignment to them. Indeed, it is found that many calculated states are quite close to the experimental ones, and it will be highly desirable to substantiate this model prediction in future experiment. A detailed presentation is given in Table IV where we list the calculated energy levels, available experimental assignments ( certain and uncertain spin assignment).
We also analyzed the single particle occupation probability for interested states in Dy-isotopes, and they are summarized in Table V . It is apparent that for the first few states, they are mainly single quasi-particle excited states where one of the occupation probability is dominant. As we go to higher excited states, we see a spreading of the occupation into more single particle states. The most important single-particle orbitals are those closest to the Fermi level, and they are f 7/2 and h 9/2 . Clearly, for 153 Dy, the 
VI. ELECTROMAGNETIC TRANSITIONS
In the IBFM-2 model the electromagnetic transition operator is described by the following operator
which contains a boson part and fermion part. The E2 transition operator is expressed [34] 
where
The M 1 transition operator in IBFM-2 is
where g π and g ν are g factors for proton and neutron boson ,L is the angular momentum operator
and the coefficient e (1)
where g l and g s are the single particle g-factors of the odd nucleon. For boson part, the E2 matrix elements are very sensitive to the difference between neutron boson and proton effective charge, and they are kept constant at e π = 2e ν = 0.1 e.b for all isotopes. The values of e B ρ were determined from the experimental B(E2; 2
152 Dy nucleus. For the odd nucleon, the effective charge 1.5 e and 0.5 e are taken for the proton and the neutron, respectively. The parameter χ in the E2 transition operator has the same value as in the Hamiltonian, though they are not necessary [43, 44] . The standard boson g factor values g π = 1 µ N and g ν = 0 µ N are used for all isotopes. We have estimated the single particle g l and g s , and taken them as g [20, 45, 46] . Using this procedure we have calculated the electromagnetic transitions, and a very good agreement between calculated and experimental magnetic moment of the ground states is obtained in both magnitude and sign as shown in Tables X and XI. The resulting branching ratios for the 151,153 Ho and 151,153 Dy nuclei are listed in Tables VI-IX , respectively, in comparison with the experimental data [40] . In these tables, the strongest branch is correctly predicted. The other transitions are in qualitative agreement with experiment. The deviations can be reduced by changing g s , as well as by changing the effective charges. From Tables V,VIII and IX, one can see that the strongest transitions are between those states having the same dominated single-particle orbital. This means that a strong transition should occur between levels in the same band. Our results for electromagnetic transition probabilities are summarized in Tables  X and XI is associated with νf 7/2 and νh 9/2 , the exhibit sizable mixing of these two quasi-particle orbitals. Due to the mixing of the two components in the wave function in this state, the 
VII. β-DECAY
In IBFM-2, a relation among the IBM and the underlying shell model has been established by including the proton and neutron degree of freedom [7] . This offers one the capability to compute the probabilities of β-decay. The decay of odd-nuclei proceeds predominantly through the conversion of the odd particle from neutron to proton (β − -decay) or from proton to neutron (β + -decay). There are two types of beta decay, the Fermi decay and Gamow-Teller decay. In the framework of IBFM both transitions can be calculated [47] . First define the following operators,
Then the Fermi and the Gamow-Teller transition operators are
The form of transfer operator P j ρ depends on the specific nuclei, and in the present case, P
ν . The f t value is calculated by
in units of second where
.59, and
Having obtained the wave functions, we can calculate the β-decay rates. It should be stressed that there is no adjustable parameters in the beta decay calculation, consequently the log 10 f t is obtained in a parameter free manner. Examining the wave function of daughter nuclei 151,153 Dy, the first and second excited 9 2 − states are dominated by h 9/2 and f 7/2 orbitals in both isotopes, respectively. According to these components the log 10 f t values of the two states have the approximately the same values and in good agreement with experimental ones. An interesting result of the calculation is that it indicates the observed state at 1.549 MeV in 151 Dy, corresponds to the state ( , which are 60 and 70 percent [48] . The log 10 f t are equal to ( 4.6 and 3.511) and (4.7 and 3.612) in the experiments and the model results for two isotopes, respectively. In 153 Dy, with the predicted assignments J − (1.092) and J − (1.189) =
2
− , the calculated log 10 f t of the two branches are 6.707 and 7.358 respectively, which are close to the experimental value of 6.3 for both branches, respectively. From Table XII , it can be concluded that IBFM-2 provides a meaningful framework for describing β-decay transitions between 151,153 Dy and 151,153 Ho. Together with other recent β-decay calculations [33, 34, 35] , it shows that the IBFM-2 is well suited for understanding β-decay properties of rare-earth nuclei.
VIII. SUMMARY
In this work IBFM-2 calculations for the odd-mass Ho and Dy (A=151,153) have been presented. For Dy-isotopes four fermion single-particle f 7/2 , h 9/2 , p 3/2 and f 5/2 orbitals were used to study the negative-parity states. For study the negative-parity states in Ho-isotopes only h 11/2 has been taken into account. The boson-boson interaction parameters were fixed by the calculation on the boson core nuclei. The boson-fermion interaction parameter is kept constant of each element, and there are only two free varying boson-fermion quadrupole interaction parameters for each even-odd nucleus. The analysis of the wave functions indicates that the f 7/2 and h 9/2 orbitals are dominate in the wave functions in Dy-isotopes. The known quadrupole and magnetic moments in these nuclei are reasonably well described by the model. The present IBFM-2 calculations provide a satisfactory framework for describing the β-decay rates in the odd-mass nuclei with A ∼ 150. The predictions of this work can serve as a good reference to experimentalists. Further experimental study will be very helpful to further test the present IBFM-2 calculation. 
